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ABSTRACT 



Context. Magnetic fields are proposed to play an important role in the formation and support of self-gravitating clouds and the 
formation and evolution of protostars in such clouds. 

Aims. We attempt to understand more precisely how the Pipe nebula is affected by the magnetic field. 

Methods. We use R-bwad linear polarimetry collected for about 12000 stars in 46 fields with lines of sight toward the Pipe nebula to 
investigate the properties of the polarization across this dark cloud complex. 

Results. Mean polarization vectors show that the magnetic field is locally perpendicular to the large filamentary structure of the Pipe 
nebula (the 'stem'), indicating that the global collapse may have been driven by ambipolar diffusion. The polarization properties 
clearly change along the Pipe nebula. The northwestern end of the nebula (B59 region) is found to have a low degree of polarization 
and high dispersion in polarization position angle, while at the other extreme of the cloud (the 'bowl') we found mean degrees of 
polarization as high as «15% and a low dispersion in polarization position angle. The plane of the sky magnetic field strength was 
estimated to vary from about 17/yG in the B59 region to about 65 /iG in the bowl. 

Conclusions. We propose that three distinct regions exist, which may be related to different evolutionary stages of the cloud; this idea 
is supported by both the polarization properties across the Pipe and the estimated mass-to-flux ratio that varies between approximately 
super-critical toward the B59 region and sub-critical inside the bowl. The three regions that we identify are: the B59 region, which 
is currently forming stars; the stem, which appears to be at an earlier stage of star formation where material has been through a 
collapsing phase but not yet given birth to stars; and the bowl, which represents the earliest stage of the cloud in which the collapsing 
phase and cloud fragmentation has already started. 
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1. Introduction 

Understanding the role that magnetic fields play in the evo- 
lution of interstellar molecular clouds is one of the outstand- 
ing challenges of modern astrophysics. One problem related 
to star formation concerns the competition between magnetic 
and turbulent forces. The prevailing scenario of how stars form 
is quasi-static evolution of a strongly magnetized core into a 
protostar following influence between gravitational and mag- 
netic forces. By ambipolar diffusion, i.e., the drift of neu- 
tral matter with respect to plasma and magnetic field, grav- 
ity finds a way to overco me magnetic pressure and even- 



tually win the battle (e.g.. iMestel & Spitzed 1 1956b iNakanol 



Il979t iMouschovias & Paleologoulll98ll: iLizano & Shulll989h . 
However, doubts about the validity of this theory were expressed 
because of the apparent inconsistency between the expected and 
inferred lifetimes of molecular clouds. This inconsistency in- 
spired some researchers to propose a new theory in which star 
formation is driven by turbulent supersonic flows in the in- 
terstellar medium. Magnetic fields may be present in this the- 
ory, but they are too weak to be energetically impor tant (e.g. 
lElmegreen & Scald 12004 iMac Low & Klessenl 120041 It must 



* Based on observations collected at Observatorio do Pico dos Dias, 
operated by Laboratorio Nacional de Astroffsica (LNA/MCT, Brazil). 



be noted, however, that some results dTassis & MouschoviasI 
l2004t IMouschovias et al.l2006l) demonstrate that the ambipolar- 
diffusion-controlled star formation theory is not in contradiction 
with molecular cloud lifetimes and star formation timescales. 

Previous optical polarimetric observations toward well- 
known forming molecular clouds have enabled the large-scale 
magnetic field associa ted with these regions to be studied (e.g. 
iGoodman et al.l IT990I) . In this work, we introduce the general 
results of a polarimetri c survey conducted for the Pipe nebula, 
a nearby (130-160pc, lLombardi etail 120061; lAlves & Francol 
120071) and massive (10 4 Mq) dark cloud complex that appears to 
provide a suitable laboratory for investigating magneto-turbulent 
phenomena. The Pipe nebula exhibits little evidence of star for- 
mation activity despite having an appropriate mass. Until now, 
the only confirmed star-forming region in this nebula was B59 
dBrooke et al.ll2.007b . an irregularly-shaped dark cloud located at 
the northwestern end of the large filamentary structure that ex- 
tends from (l,b) * (0°,4°) to (l,b) * (357°, 7°). This apparently 
low efficiency in forming stars may be an indication of youth. 
I Alves etal I (120071) identified, in this cloud, 159 cores of effective 
diameters between 0. 1 and 0.4 pc, and estimated masses ranging 
from 0.5 to 28 Mq, supposedly in a very ear ly stage of devel- 
opment. A further investigation of these cores (lLada et alj|2008b 
discovered that most of them appeared to be pressure confined 
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Fig. 1. Mean polarization vectors, for each of 
the observed 46 fields, overplotted on the dust 
extinction map o f the Pipe nebula obtained by 
lLombardi et alj J2006I) . The lengths of these 
vectors are proportional to the scale indicated 
in the top left-hand corner. Only stars show- 
ing P/o> > 10 were used in the calculus 
of the mean polarization and position angle. 
The dashed-lines indicate the celestial merid- 
ians defined by 17 h 14 m 30 5 .0 and 17 h 27 m 4(J.O 
(see text and Fig.[2]l. 



and in equilibrium with the surrounding environment, and that 
the most massive (k, 2 Mq) cores were gravitationally bound. 
They suggested that the measured dispersion in internal core 
pressure of about a factor of 2-3 could be caused by either lo- 
cal variations in the external pressure, or the presence of internal 
static magnetic fields with strengths of less than 16 /iG, or a 
combination of both. The results derived from our optical po- 
larimetric observations indicate that the magnetic field probably 
plays a far more important role in the Pipe nebula. 

2. Observations 

The polarimetric data were acquired using the 1.6 m and the IAG 
60 cm telescopes of Observatdrio do Pico dos Dias (LNA/MCT, 
Brazil) during observing runs completed between 2005 to 2007. 
These data were acquired by using a CCD camera specially 
adapted to allow polarimet ric measurement s ; for a full descrip- 
tion of the polarimeter see iMagalhaes et alj (119961) . R-bmd lin- 
ear polarimetry, by means of deep CCD imaging, was obtained 
for 46 fields, each with a field of view of about 12' x 12', dis- 
tributed over more than 7° (17 pc in projection) covering the 
main body of the Pipe nebula. The reference direction of the 
polarizer was determined by observing polarized standard stars. 
For all observing seasons, the instrumental position angles were 
perfectly correlated with standard values. The survey contains 
polarimetric data of about 12 000 stars, almost 6 600 of which 
have P/crp > 10. The results presented in this Letter are based 
on the analysis of the latter group of stars. Details of observa- 
tions, data reduction, and the analysis of the small-scale polar- 
ization properties withi n each observed ar ea, will be described 
in a forthcoming paper dFranco et a l. 2008). 

3. Polarization at the Pipe nebula 

To analyze the polarization pattern in the Pipe nebula, we es- 
timated the mean polarization and position angle for each ob- 
served field. To improve the precision of the mean values, we 



selected those objects with P/crp > 10 and observed polarization 
angle 6 b s within the interval (9 av - 2cr st j) < o t s < (6 av + 2o- st d) 
where, 6 m , and <x s ,j are the mean polarization angle and standard 
deviation of each field sample, respectively. We then estimated 
the mean Stokes parameters for each field, from the individual 
values for each star weighted by the estimated observational er- 
ror. Most fields show a distribution of polarization position an- 
gles that resembles a normal distribution, although a more com- 
plex distribution is evident in some directions. A detailed analy- 
sis of these distributions is beyond the scope of the present Letter 
and will be presented in the aforementioned paper. 

Figure[T]shows the mean polarization vectors overlaid on the 
2MASS infrared extin ction map of the Pipe nebula derived by 
lLombardi et al.l (120061) . For most fields, the values of the mean 
polarization and position angle were obtained from samples of 
more than 100 stars. The high signal-to-noise ratio of our data 
set ensures good statistics in our analyses and implies that the 
degree of polarization measured for most fields and, in partic- 
ular, the significant range of mean polarization values derived 
along the Pipe (from 1 to 15%) are truly remarkable. It is also 
remarkable that the polarization position angle does not change 
significantly along the 17 pc extent of the Pipe nebula covered by 
our observations ((9) ^ 160°-10° for 37 of the 46 fields, where 
the mean position angles are given in equatorial coordinates, 
measured from north to east). Although the physical processes 
involv ed in grain alignment is a debated issue (see iLazariar] 
|2003L for a comprehensive review on this subject), it is widely 
believed that starlight polarization is caused by the alignment of 
elongated dust grain s by the magnetic fie l d, as s uggested by the 
pioneering work of iDavis & Greensteinl dl95ll) . Based on this 
assumption, the polarization map showed in Fig. Q] provides an 
outline of the magnetic field component parallel to the plane of 
the sky. The almost perpendicular alignment between the mag- 
netic field and the main axis of the Pipe's stem is clearly evident. 

It is instructive to analyze the behavior of polarization prop- 
erties along the Pipe nebula: the left panels of Figure [2] present 
the distribution of the mean polarization and the polarization an- 
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Fig. 2. left panels: Distribution of the mean polarization and of the polarization angle dispersion, AO, as a function of the right 
ascension of the observed areas, respectively. The polarization angle dispersion is corrected by its mean error (i.e., AO 2 = a 2 d - 
(erg) 2 ). The vertical dashed-lines delimits the transition between regions with different polarimetric properties. Filled and open dots 
represent values for fields with and without associated dense cores, respectively. As shown by the botton right panel, the regions 
traced by the optical polarimetry have extinction of Ay $ 2.2 mag for fields without cores, while the ones associated with cores 
show 0.8 $ Ay 5= 4.5 mag. top right panel: Correlation between dispersion in polarization angle and mean polarization, botton right 
panel: Mean polarization versus visual absorption derived from the 2MASS data for the observed stars with P/cr P > 10. The solid 
line represents optimum alignment efficience (P(%) = 3 x Ay). 



gle dispersion as a function of the right ascension of the observed 
areas, which runs almost parallel to the main axis of the Pipe's 
stem. Since the polarization properties of each field are inho- 
mogeneous, a global analysis allows one to distinguish three 
regions throughout the cloud with rather different features be- 
tween them. These regions, separated by dashed-lines in Fig.Q] 
and |2] can be identified as: the B59 region, at the northwestern 
end of the cloud; the main filamentary structure (the stem of the 
Pipe); and the irregular-shaped gas at the other extreme end (the 
"bowl"). We note that fields without cores (open dots in Fig.[2j 
show a smaller variation in polarization properties than fields 
with cores (filled dots). 

The lowest mean polarizations are observed in the vicinity 
of B59, the only place in the Pipe with evidence of star forma- 
tion. Seven out of eight observed fields in this region show mean 
polarization degrees of around 1-2%. This region has a large 
polarization angle dispersion. Indeed, two fields have a disper- 
sion in polarization angles AO 25° - these are indicated in the 
botton right panel of Fig.[2]by the arrowed dots - and show the 
lowest mean degree of polarization among the observed fields. 
We point out that the field showing the highest dispersion in po- 
larization angles (AO 51°) has a line of sight passing close 
to the densest core of B59, the most opaque region of the Pipe 
jRoman-Zuniga et"aT] 120071) . and that our sample has only 12 
stars for which P/cr P > 10. 

Toward the stem region the mean polarization rises a few per- 
cent and the polarization angle dispersion decreases slightly with 



respect to B59. Most fields containing dense cores show a mean 
polarization degree (^3-5%) that is higher than fields without 
cores (^2-3%)). However, this difference is unclear from the 
position angle dispersion values, which show a large range of 
values for both types of field (AO =3°-12°). 

The bowl has a significantly different mean polarization and 
dispersion in position angles: for this region, we measure the 
highest degree of polarization and the lowest dispersion in posi- 
tion angles. Most observed fields in the bowl shows a mean po- 
larization higher than about 8% (up to 15%) and a dispersion in 
polarization angles of less than 5°. This part of the cloud has the 
most precise alignment between the mean polarization vectors 
of neighboring fields. The high polarization degree in the bowl 
is unusual, since the polarization degree of this type of dark in- 
terstellar clouds is typically 1 order of magnitude lo wer than we 
measure and rarely reaches suc h high values (e.g., IVrba et all 
l!993blWhittet et alJI 1994 1200 lL for optical polarimetric data on 
p Oph, Chamaeleon I, and Taurus dark clouds, respectively). 
Such a result implies a high efficiency of grain alignment for 
the interstellar dust in those fields, and that the magnetic field in 
the bowl is aligned close to the plane of the sky (otherwise the 
efficiency would be even higher). 

Figure [2] (top right panel) also indicates the distribution of 
AO as a function of the mean polarization: it is a clear observa- 
tional fact for the observed fields that the higher the mean polar- 
ization, the lower the dispersion in polarization angles. The anti- 
correlation between the dispersion in polarization angles and po- 



larization degree has a similar dependence for fields with and 
without cores. This anti-correlation could be due just to projec- 
tion effects: the magnetic field direction changes along the Pipe 
nebula. However, this scenario would imply a polarization effi- 
ciency and a magnetic field strength (see below) that would be 
unusually high over the entire nebula. The star formation activity 
in B59 probably precludes this scenario. 

What can the aforementioned polarization properties tell 
us about the magnetic field in the Pipe nebula? Our disper- 
sion in polarization angles can be used to estimate the mag- 
netic field strength for the obs erved fields from the modified 
Chandrasekhar-Ferm i formula (IChandrasekhar & Fermil Il953t 
lOstriker et alj|200lb . The volume density and line width of the 
molecular line emission associated with the dust that produces 
the observed optical polarization and extinction can be estimated 
from the molecular data available in the literature. T hus, extrap- 
olating the median volume density of cores given bv lLada et al.l 
(120081) to the optical polarization zone (which is typically at a 
distance of about 5' - 0.2 pc in projection - from the center of the 
cores), we obtain a volume density of n(H2) - 3 x 10 3 cirT 3 . We 
also adopt the line width found for C ls O toward the cores in B59 
and the stem, 0.4 km s _1 , and t he bowl, 0.5 km s" 1 (the values 
used here are the ones given by iMuench et al.ll2Q07h . Assuming 
these values, we find that the magnetic field strength in the B59 
region, stem, and bowl, in the plane of the sky, are about 17, 30, 
and 65 /iG, respectively (the uncertainty in the values are proba- 
bly less than a factor of 2). Adopting a mean visual extinction of 
3 mag for the molecular cloud traced by the optical polarimetry, 
we find that the mass-to-flux ratio is about 1.4 (slightly super- 
critical) for B59, in contrast to 0.8 and 0.4 (sub-critical) for the 
stem and the bowl, respectively. 

The almost perpendicular alignment between the magnetic 
field and the main axis of the Pipe nebula's stem indicates 
clearly that this part of the cloud contracted in the direc- 
tion of the field lines. This agrees with predictions of the 
ambipolar-diffusion driven model, for which the first evolu- 
tionary stage of a typical cloud is dynamical relaxation along 
field lines, almost without later al contraction, until a quasi- 
equilibrium state is reached (e .g., iFiedler & Mouschoviasl 19931 : 
iTassis & Mouschoviasl 120071) . Indeed, the magnetic pressure 
(Pmag = B 2 /8n) of the diffuse part of the cloud (where is most of 
the mass) is the dominant source of pressure in the direction per- 
pendicular to the field lines ( 1 2 x 1 5 and 2 .6 x 1 5 K cirT 3 for the 
bowl and stem, respectively), being higher than the pressure due 
to the weight of the cloud (P c i m ,d/k = 10 5 KcirT 3 , according to 
lLada et al.ll2008h . This can explain the clear elongated structure 
perpendicular to the magnetic field of the whole nebula. 

The derived mean polarization degree and dispersion in po- 
larization angles are consistent with a scenario in which the B59 
region, the stem, and the bowl are experiencing different stages 
of their evolution. The weak magnetic field derived for the B59's 
neighboring appears to be the reason for it being the only known 
active star-forming site in the cloud. Following the evolution- 
ary sequence, the stem with a mass-to-flux ratio close to unity 
would be the part of the cloud in a transient evolutionary state, 
which is experiencing ambipolar diffusion but has not yet given 
birth to stars. Finally, the high polarization degree of the bowl 
combined with the low dispersion in the mean polarization vec- 
tors implies that the magnetic field in this part of the cloud has 
a major role in regulating the collapse of the cloud material 
compared to the other parts. This would imply that the bowl is 
in a primordial evolutionary state (in the sub-critical regime), 
not yet flattened neither elongated. However, the presence of 
multiple and clearly evident cores implies that fragmentation 



is already occurring inside the bowl. A similar case, in a more 
evolved state, appears t o be the Taurus molecular cloud complex 
dNakamura & Lill2008l) . 

4. Conclusions 

We have described the global polarimetric properties of the Pipe 
nebula as an increasing polarization degree along the filamentary 
structure from B59 towards the bowl, while the dispersion in 
polarization angles decreases along this way. Our results appears 
to indicate that there exist three regions in the Pipe nebula of 
distinct evolutionary stages: since the mean orientation angle of 
the mean polarization vectors is perpendicular to the longer axis 
of the cloud, this implies that the cloud collapse is taking place 
along the magnetic field lines. We can subdivide the Pipe nebula 
into the following components: 

- B59, the only active star-forming site in the cloud. For the 
observed fields, we measure a large dispersion in polariza- 
tion angle and low polarization degree. 

- The stem, which collapsed by means of ambipolar diffusion 
but has not yet given birth to stars. It appears to represent a 
transient evolutionary state between B59 and the bowl. 

- The bowl, which contains the fields of the highest values of 
mean polarization and the lowest values of dispersion in po- 
larization angle. These values imply that the dust grains in 
the bowl are highly aligned by a rather strong magnetic field. 
For this reason, the bowl may represent the start of the con- 
traction phase during a very early evolutionary stage. 
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